PURPOSE-We report the toxicity and biochemical tumor control outcome of a prospective Phase II study using high-dose-rate brachytherapy (HDR) alone as a salvage therapy for recurrent disease after external beam radiotherapy (EBRT).
Introduction
High-dose intensity-modulated radiotherapy (IMRT) has proven to be an effective treatment for localized prostate cancer (1) (2) (3) (4) (5) (6) . In the case of local recurrence, salvage options are limited for these patients. These patients are often not considered optimal candidates for salvage prostatectomy because of their age or medical comorbidities even if the disease presentation at the time of recurrence demonstrates localized disease only. Prior definitive dose levels of radiation to the bladder, rectal wall, and urethra place these patients at higher risk for severe complications with additional salvage therapy. High-dose-rate brachytherapy (HDR) has dosimetric and radiobiologic advantages as a salvage treatment paradigm. One recent study (7) reported 50% biochemical tumor control outcomes with salvage HDR brachytherapy when used as monotherapy. We report on the long-term results of a prospective Phase II trial where HDR brachytherapy was used as salvage therapy for localized recurrent disease after external beam radiotherapy (EBRT).
Methods and materials
Forty-two patients with biopsy-proven recurrence were enrolled on an institutional review board-approved Phase II study of salvage HDR monotherapy using iridium-192. The primary end points of the trial were toxicity, assessed with the Common Toxicity Criteria for Adverse Events version 3, as well as the International Prostate Symptom Score (IPSS), and the International Index of Erectile Function. Biochemical control was evaluated using the Phoenix definition (nadir +2). Patient accrual spanned from 2007 to 2011, and patients were followed for at least 1 year after treatment on protocol and then in routine followup thereafter. Patients were seen in followup 1 month after treatment and then at 4-month intervals.
To be eligible for the trial, patients were required to have biopsy-proven recurrence after definitive EBRT. All biopsies were confirmed by pathologic review at our institution. Patients with radiographic evidence of extraprostatic disease demonstrated on an MRI with an endorectal coil, or metastatic disease seen on bone scan, were excluded from the study. Other exclusion criteria included patients with serum prostate-specific antigen (PSA) >10 ng/mL at the time of assessment and those with a baseline total IPSS >15 before planned salvage therapy. Any patient with a history of inflammatory bowel disease or rectal surgery was also excluded from enrollment. Patients were also required to be able to tolerate general anesthesia. Those with abnormal coagulation profiles (international normalized ratio >2.5, platelet count <75,000) or liver/renal function tests >1.5 × normal were also ineligible.
The method of HDR used in these patients has been previously described (8) . In short, HDR catheters were placed with ultrasound guidance under general anesthesia. The entire prostate was implanted. The clinical target volume was the entire prostate, with a margin of 5 mm added around the entire gland. A dose of 800 cGy per fraction was prescribed to the periphery of the clinical target volume, except near the bladder neck, were the dose was typically 5-10% lower, at the discretion of the treating oncologist, unless tumor was thought to reside in that area. Four fractions were given a minimum of 4 hours apart, over 30 hours, in a single insertion. A genetic inverse treatment-planning algorithm was used for treatmentplanning source dwell position and time optimization. The following dose-volume constraints were used for treatment planning similar to our dose thresholds used when treating non-recurrent HDR patients: minimum 95% target coverage with the prescription dose (PD), 120% of PD for maximum urethra dose, and rectal maximum dose not greater than 100% of PD. Catheter position was verified radiographically before each fraction. An iridium-192 HDR source was used for each treatment, using an afterloading technique. Table  1 summarizes key dosimetric parameters achieved for this study.
These 42 patients had a median followup of 36 months, with a range of 6-66 months. Patient characteristics are summarized in Table 2 . Median pretreatment EBRT dose was 8100 cGy (6840-8640 cGy) and the median time from completion of initial EBRT to salvage HDR was 78 months. Median presalvage PSA was 3.54 ng/mL. Eighteen patients had received androgen-deprivation therapy before salvage HDR, but androgen-deprivation therapy was discontinued after treatment in all cases.
Results

Tumor control outcomes
Ten patients developed a biochemical relapse at a median of 16.5 months from salvage treatment. The actuarial PSA relapse-free survival at 5 years was 68.5% ( Fig. 1 ). Three patients have developed evidence of metastatic disease. The actuarial distant metastases-free survival at 5 years was 81.5% ( Fig. 2) , and the 5-year overall survival outcome was 79%.
Toxicity outcomes
Acute genitourinary (GU) Grade 1 and 2 toxicities were noted in 38% and 40% of patients, respectively. Late GU Grade 1 and 2 toxicities were observed in 38% and 48%, respectively, and one patient developed Grade 3 urinary incontinence. Three patients developed urethral stricture (Grade 3), which were corrected with urethral dilatation. The median time to develop Grade 3 complications was 9 months (range, 9-12 months), and the median time for resolution of Grade 3 symptoms was 7 months (range, 23-21 months). No Grade 4 urinary toxicities were observed.
Baseline urinary status was found to be significantly associated with post-treatment late urinary toxicity for the development of Common Toxicity Criteria for Adverse Events Grade 2 (p = 0.008) but not for Grade 3 or higher toxicity. Figure 3 illustrates the rates of Grade 2 GU toxicity based on baseline scores. Seventy-eight percent of patients were without significant urinary symptoms (GU Grade 0-1) before the administration of salvage treatment, and 52% of these remained free of additional urinary toxicity at the time of last followup. Thus, the majority of urinary toxicity resolved to baseline. Of the three patients who developed Grade 3 urinary toxicity, two were characterized at baseline as having Grade 2 symptoms, and one patient was classified as having Grade 1 symptoms at baseline. The median IPSS at baseline was 6 (range, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , and the median IPSS at last followup was 12 (range, 1-30). Resolution of an elevated IPSS was seen in 41% of patients (returned within 2 points of baseline) within a median time of 4.5 months. IPSS did not return to baseline values at the time of last followup in 24 patients, with a reported median IPSS value of 14.5 at the time of last followup (range, 5-30).
Late Grade 1 and 2 gastrointestinal (GI) toxicities were noted in 43% and 14% of patients, respectively, and 83% of patients were free of Grade 2 or higher GI complications (Fig. 3) . GI complications consisted almost entirely of transient rectal bleeding. No Grade 3 or higher GI complications were encountered.
The majority of patients were not sexually active at baseline. The median International Index of Erectile Function score before and after treatment was 2 and 1.5, respectively.
No dosimetric values such as V 100 (volume of the prostate receiving PD) or D 90 (dose to 90% of the prostate exposed to PD) were significantly associated with the risk of disease progression or any complications.
Discussion
In this prospective study of salvage HDR monotherapy, 76% of patients were able to achieve biochemical control in a patient population that is by definition radioresistant. Our data suggest that reirradiation with high-dose hypofractionation may be a rational salvage approach to eradicate tumor cells that have survived conventionally fractionated radiotherapy. We also noted an excellent tolerance profile to patients who received salvage HDR despite the high initial doses that patients had received as part of their definitive EBRT. The most frequently encountered complication was in the GU domain, with a median posttreatment IPSS score of 12, compared with a baseline IPSS of 6 for the entire cohort. Grade 3 complications were infrequent, and all such cases eventually had resolution of these effects with minor surgical intervention. It is important to note that no severe GI complications were encountered in this cohort, despite having had previous very high doses of EBRT.
Local recurrence after definitive EBRT is not infrequent. It has been estimated that nearly one-third of patients who undergo EBRT will have positive post-treatment biopsies of the prostate, and 15% of patients who received 8100 cGy were found to have positive biopsies (9) . The consequences of locally recurrent disease after radiotherapy can be significant. In a report of the outcomes of locally recurrent prostate cancer after EBRT, Kuban et al. reported that nearly one-third of patients suffered from major complications associated with local recurrence (10) . Locally recurrent diseases pose as well a significant risk for the development of distant metastases (1, 9, 11).
Often patients who have developed locally recurrent disease after radiotherapy are not candidates for salvage prostatectomy due to age or coexisting medical comorbidities. Salvage prostatectomy also carries a significant risk of rectal injury (16-58%), and 68% of patients will require the use of at least one pad for urinary incontinence (12) . Long-term followup suggests that up to 54% of patients who undergo salvage prostatectomy will achieve biochemical control of their disease (13) .
The use of other salvage modalities such as cryoablation after failed radiotherapy has been reported. In a large study of quality of life, 72% of patients reported incontinence at a median of 17 months, and two-thirds of patients reported significant urinary symptoms (14) . Rectal injury rates of 2% and incontinence rates between 4% and 8% have been reported. The fistula rate was 3.4% (15) . In a large study of salvage cryotherapy, 17% of patients were noted to positive biopsies after treatment (16) . Therefore, effective treatment options without significant morbidity in the setting of locally recurrent prostate cancer after radiotherapy are limited.
The results of low-dose-rate salvage brachytherapy have also been reported. Reports published over 10 years ago (17, 18) have indicated that while tumor control can be achieved with low-dose-rate salvage brachytherapy in 30-50% of patients, toxicity outcomes were increased possibly related to the use of less sophisticated planning techniques or the selection of less optimal patients based on the presence of baseline symptoms.
More recently Chen et al. (7) have described preliminary outcomes of MRI-based partial prostate salvage low-dose-rate brachytherapy in 15 patients with a median followup of 23 months (8-88 months), with no cases of Grade 3 or higher GU complications. Biochemical control was achieved in 73% of patients at 3 years.
Aaronson et al. have reported outcomes for 24 patients who underwent low-dose-rate brachytherapy for recurrences after 66-70.2 Gy of EBRT. Biochemical control was observed in 88% of patients with a median followup of 30 months (19). Burri et al. have reported the
outcomes of 37 patients with a median followup of 87 months who underwent low-dose-rate salvage brachytherapy. At 5-year followup, 65% of patients were found to have achieved biochemical freedom from failure (Phoenix definition), and 57% remained free of biochemical failure at 10 years. Grade 3 or 4 toxicity was noted in 11% of patients, consisting of transurethral resection of the prostate (TURP) in 2 patients, hematuria requiring fulguration in one patient, and one case of prostatorectal fistula (20) .
Several aspects unique to HDR brachytherapy make it ideally suited for use as a salvage procedure.
• Brachytherapy delivers high-dose radiation directly to the target tissue. In the case of EBRT, radiation must pass through skin, muscle, bone, bowel, and other soft tissues to reach the prostate. Thus, in the setting of previously irradiated patients, HDR brachytherapy can deliver radiation without repeating significant exposure to these surrounding tissues.
• HDR brachytherapy results in very little treatment-related uncertainty. Organ motion is eliminated with HDR brachytherapy. Because post-implant CT-based three-dimensional dosimetry is used for treatment planning, the exact position of critical structures such as the rectum, bladder, and urethra are known and predictable. Thus, there is no uncertainty regarding the dose of radiation given to these structures, as well as the prostate.
• By taking advantage of the inverse dose fall-off phenomenon, areas within the prostate can be differentially treated to higher or lower doses. HDR brachytherapy uses computer-optimized treatment planning. Dose constraints can be applied to normal structures to reduce dose while emphasizing the dose to potential tumor-bearing areas.
• HDR brachytherapy is well suited to hypofractionated treatment schedules. Prostate cancer is thought to respond favorably to large amounts of radiation given in a limited number of treatments.
In addition, a patient-based dosimetric comparison between stereotactic body radiotherapy and HDR brachytherapy found that EBRT was not able to achieve either the high doses to the prostate or the dose-sparing effect on normal tissues that HDR brachytherapy is able to achieve (21) , underscoring the advantages of HDR over external beam techniques.
The results of the University of California San Francisco (UCSF) salvage HDR experience have been recently updated (7) . In this retrospective analysis, 52 consecutive patients received 36 Gy in six fractions, given in two insertions, 1 week apart. With a median followup of 60 months, 51% of patients were found to be biochemically free of relapse at 2 years, and only two patients developed Grade 3 or higher GU toxicity using CTAE criteria. An initial report published in 2007 reported 14% Grade 3 complications in 21 patients with a median followup of 19 months (22), suggesting that, with further time, Grade 3 complications tend to improve.
The results of the USCF experience as well as the current report have used dosefractionation schedules with similar biologic effective doses (170-180 Gy, assuming an α/β of 1.5 Gy) with acceptable toxicity and tumor control, suggesting that either 36 Gy in six fractions with two insertions, or 32 Gy in four fractions in a single insertion, would be appropriate fractionation schedules to consider. However, the optimal dose-fractionation schedule for salvage HDR brachytherapy has yet to be elucidated.
As illustrated in Table 3 , the outcomes of the present study compare favorably with results in the literature. HDR brachytherapy is an excellent treatment for salvage because it provides the high doses for hypofractionation while maintaining low doses to the urethra, bladder, and rectum. Because HDR brachytherapy is able to provide high-dose gradients that provide meaningful sparing of normal tissue between intimately juxtaposed structures such as the prostate and rectum that even stereotactic body radiation with the latest imaging and treatment delivery techniques cannot match, treatment was well tolerated with high rates of local control.
Conclusion
This prospective study of HDR salvage monotherapy demonstrates that it is an effective and well-tolerated treatment paradigm for patients who develop locally recurrent prostate cancer EBRT. HDR brachytherapy should be considered in the local management of recurrent prostate cancer, even in patients who have been previously heavily treated with ultra-highdose EBRT. PSA relapse-free survival. PSA = prostate-specific antigen; HDR = high-dose-rate brachytherapy.
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